Rationale: Automated analysis of computed tomographic (CT) lung images for epidemiologic and genetic association studies is increasingly common, but little is known about the utility of visual versus semiautomated emphysema and airway assessments for genetic association studies.
In subjects with chronic obstructive pulmonary disease (COPD), lung computed tomographic (CT) imaging enables detailed assessment of emphysema and airway thickness. CT scans can be assessed visually or through the use of semiautomated image processing algorithms. The correlation between semiautomated CT measures with visual assessments and physiologic parameters has been well established (1) (2) (3) (4) . However, there is increasing recognition that semiautomated evaluation of emphysema and airway disease may not always reflect visual analysis, and that manual, visual evaluation of findings may provide important complementary information (5) .
From the perspective of genetic association studies, semiautomated measures are used more commonly than visual assessments, due primarily to the greater availability of semiautomated CT measures in the large research cohorts required for such studies. Genome-wide association studies (GWASs) of emphysema and airway phenotypes, which demonstrate independent familial aggregation in subjects with COPD (6), have identified genetic associations at genome-wide significance (7) (8) (9) (10) (11) (12) . However, the relative utility of visual versus semiautomated CT measures for genetic association studies has not been explored.
We hypothesized that genetic variants previously associated with COPD or semiautomated measures of emphysema or airway wall thickness would also be associated with visual assessments of COPD using chest CT examinations. We further hypothesized that visual measures may identify novel genetic associations. To test these hypotheses, we performed GWASs for visual emphysema and airway wall thickness in 1,540 subjects from the COPDGene Study. Given our modest sample size, we also focused on two singlenucleotide polymorphism (SNP) sets with a higher prior likelihood of association, specified a priori for targeted investigation. One set consisted of SNPs previously associated with COPD, emphysema, or airway phenotypes at genome-wide significance (prior GWAS SNPs), and the other consisted of SNPs located within 100 kb of a previously published set of COPD candidate genes (candidate gene SNPs) (13) .
Methods

Subjects
The COPDGene Study is comprised of 10,192 non-Hispanic white and African American current and former cigarette smokers, with and without COPD. Details of patient selection and data collection have been described previously (14) . Subjects provided blood samples for genotyping, underwent spirometry testing, and had inspiratory and expiratory chest CT imaging. Institutional review board approval was obtained at all 21 clinical centers, and written informed consent was obtained from all subjects (see the online supplement).
Image Analysis
At the time of this study, analysis of visual phenotypes was performed for all nonHispanic white subjects for which complete visual scores were available (n = 1,540). Subjects represented the full spectrum of spirometric abnormalities, including preserved ratio impaired spirometry subjects (see METHODS in the online supplement for details) (15) .
Visual imaging assessments were performed by two research analysts trained to score scans according to a standardized categorization developed by the Fleischner Society (16) . These analysts were blinded to the genotype and case/ control status of the subjects. Emphysema was assessed according to six categories of ascending severity: no emphysema; trace centrilobular emphysema; and mild, moderate confluent, or advanced destructive emphysema.
Airway wall thickness was assessed according to three categories of ascending severity: absent, mild, and substantial. For scans in which both reviewers identified some level of abnormality, but the scores for a particular phenotype differed by one level, scores were averaged. For all other instances of disagreement, one of two radiologists (D.A.L. or D.N.) independently reviewed the scans and adjudicated all disagreements. Further details on visual scoring are included in the online supplement.
For each visual phenotype, a semiautomated quantitative measure was used for comparison. The quantitative correlate for visual emphysema was low attenuation area at 2950 Hounsfield units (LAA-950), and for visual airway thickness two correlates were used: the square root of wall area for airways standardized at an internal perimeter of 10 mm (Pi10), and wall area percent of airways for segmental (third-generation) bronchi (WAP), both as calculated by VIDA software (VIDA Diagnostics, Coralville, IA).
Measurements were obtained along the centerline of the lumen, in the middle third of the airway segment, for one segmental airway of each lung lobe, including the lingula; the mean value across all lobes was used for analysis. Details of the imaging techniques have been described previously (14) .
GWASs
We performed GWASs for of 6,173,964 genotyped and imputed SNPs with minor allele frequencies of 5% or greater across the 22 autosomal chromosomes for visual and semiautomated emphysema and airway measures. Information on genotyping and imputation methods has been previously reported (17) and is included in the online supplement. To ensure equal sample size between the visual measure and its semiautomated correlate, genetic association analysis was limited to subjects with complete data for both the visual and quantitative measure (n = 1,513 and 1,473 for emphysema and airway phenotypes, respectively). In addition, two a priori-specified sets of candidate SNPs were assessed at more lenient significance thresholds based on their higher prior likelihood of association to COPD.
The prior GWAS set was based on 33 lead SNPs across 19 loci previously associated at genome-wide significance with COPD, emphysema, or airway phenotypes (7) (8) (9) (10) (11) (12) 17) . The candidate gene set consisted of SNPs located within 100 kb of 184 candidate genes from a published review of COPD genetics (13) as well as 12 genes-RIN3, SNRPF, MYO1D, VWA8, HYKK, DLC1, SERPINA10, MIR2054, MAGI2, SERPINE2, NT5C3B, and C10orf90-located near SNPs from the prior GWAS SNP set. Additional details on gene selection are included in the online supplement.
Statistical Analysis
Genetic association tests were conducted separately for visual emphysema and airway ORIGINAL RESEARCH scores, using linear regression with visual scores as response and SNP genotype as predictor. In each analysis, we adjusted for sex, age, smoking pack-years, and principal components of genetic ancestry (see details in the supplemental METHODS). The same regression model was used for the semiautomated phenotypes as for the visual phenotypes: the semiautomated phenotype served as response variable and the SNP genotype served as predictor, with the aforementioned covariates included as a way to adjust for potential confounders.
For all significant results, we repeated the analysis adjusting for body mass index and current smoking status, and using ordinal logistic regression. The statistical significance threshold for the GWAS analysis was P less than 5.0 3 10 28 . For candidate gene analysis, the false discovery rate (FDR) was controlled at 5%, using the method of Storey (18) . Linear regression tests were performed in PLINK (19) . FDR adjustment was performed using the qvalue package from Bioconductor (20) . We generated locus plots and linkage disequilibrium (LD) calculations using LocusZoom (21) .
Results
The 1,540 analyzed subjects were nonHispanic white, 50.1% male, median age of 63.3 years, with median 42.0 pack-year smoking history, and median forced expiratory volume in 1 second (FEV 1 ) of 78.8%. Additional characteristics of the cohort appear in Table 1 .
CT scans were scored in duplicate by two research analysts according to a standardized categorization developed by the Fleischner Society (16), with adjudication by a radiologist in instances of disagreement (see METHODS). The weighted k values for agreement between analysts were 0.83 (95% confidence interval = 0.82-0.85) and 0.50 (95% confidence interval = 0.47-0.54) for emphysema and airway wall thickness, respectively. The Spearman correlation coefficients between visual scores, their semiautomated correlates, and postbronchodilator FEV 1 (% predicted) appear in Table 2 . Visual measures were more highly correlated with FEV 1 than were their semiautomated correlates. The correlation between visual emphysema and LAA-950 was 0.61 ( Table 2 ). The correlation between visual airway wall thickness with Pi10 and WAP was 0.28 and 0.55, respectively (Table 2) .
GWAS for visual emphysema and GWAS for LAA-950 identified genomewide significant associations at the 15q25 locus (lead SNP rs2656072, minor allele frequency = 0.21, P = 6.3 3 10 29 for visual emphysema; P = 4.5 3 10
28 for LAA-950; Figure 1 ). No genome-wide significant associations were identified for visual airway wall thickness, Pi10, or WAP. The lead visual emphysema SNP at 15q25, rs2656072, was not in LD with any of the six previously identified GWAS lead SNPs at this locus (strongest pairwise LD was for rs12914385 with r 2 of 0.14). Conditioning the regression test for rs2656072 on rs12914385 had only a small effect on the rs2656072 association for both visual and semiautomated emphysema (conditioned P = 1.7 3 10 26 for visual emphysema and 
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We then tested 33 SNPs in 19 loci from our prior GWAS SNP set previously associated with COPD susceptibility, emphysema, or airway wall thickness based on GWAS. SNPs in eight loci were associated with an emphysema phenotype at P less than 0.05 (see Table E1 in the online supplement), with six loci significantly associated with both the visual score and LAA-950. SNPs in seven loci were associated with an airway phenotype at P less than 0.05 (Table E2) , with six loci associated with visual airway thickness and three loci associated with either WAP or Pi10. For all SNPs meeting the P less than 0.05 threshold, the direction of the effect was in agreement with previous reports. In total, 10 of 19 previously identified GWAS loci were nominally associated with visual emphysema or visual airway thickness (Tables E1 and E2) .
For the candidate gene study, three loci were significantly associated with visual emphysema (Figures 1-3 , Table E3 ) and eight loci were significantly associated with LAA-950 (Table E3 , Figures 1 and 4 , Figures E1-E6 ) when using an FDR of 5%. No SNPs from the candidate gene set were significantly associated with visual airway wall thickness or one of the airway semiautomated correlates at 5% FDR.
To determine whether visual measures provided independent information from semiautomated correlates, we repeated genetic association analysis on SNPs with P less than 0.05 (seven visual emphysema loci from Table E1 and six visual airway  loci from Table E2 ), adjusting for semiautomated correlates. After adjustment 
for LAA-950, three loci remained statistically significant at P less than 0.05 (Table E8) . After adjusting the visual airway associations for semiautomated airway measures, three loci remained significant at P less than 0.05 (Table E9) . When we performed the opposite analysis (i.e., adjusting the semiautomated associations for the visual correlate), two of the LAA-950 associations remained significant (Table E8) , and two of the semiautomated airway associations remained significant (Table E9) .
To confirm that our significant results were not due to improper model LGMN ITPK1
93
Position on chr14 (Mb) ORIGINAL RESEARCH specification, we performed additional testing for significant results using ordinal logistic regression. Results were similar to those under a linear regression model for all tested lead SNPs (Tables E10 and E11) .
Discussion
We performed an analysis of visually assessed emphysema and airway phenotypes in COPDGene, and noted three main findings. First, visual phenotypes are valid for use in genetic association studies based upon reproducibility of previous COPD GWAS findings. Second, visual measures are moderately correlated with corresponding semiautomated phenotypes, indicating correspondence, but incomplete overlap, between these measures. Third, visual and semiautomated measures contain independent information related to genetic association. Some significant genetic associations for both visual and semiautomated measures remained significant after adjustment for the corresponding visual or semiautomated measure. When threshold-based semiautomated measures for quantifying emphysema from CT scans were introduced, it was demonstrated that semiautomated measures and visual assessment showed similar levels of correlation to pathologic emphysema (22) , though other studies have demonstrated better performance for semiautomated measures (23) . In what is perhaps the most comprehensive comparison of visual versus semiautomated pulmonary CT assessments, with 58 visual readers, interobserver agreement for presence/absence of emphysema was moderate, with fair but lower levels of agreement for distinct emphysema subtypes (5) .
The findings of our study-namely, that visual and semiautomated emphysema assessment both provide useful, partially independent information-support the findings of the previously discussed study, as well as the study by Madani and colleagues (24) that concludes that the correlation with pathologic emphysema is improved by combining multiple different types of measures.
Our study is of interest in part because it relates emphysema measures not to pathology, but to COPD genetic associations, providing a novel metric by which to evaluate visual and semiquantitative measures. Our perspective is that comparisons of currently available emphysema measures are poorly served by overly simplistic questions of which emphysema measure is "better." It has been extensively demonstrated that various measures of emphysema, and even various Hounsfield unit thresholds for semiautomated measures (22) (23) (24) , capture different aspects of pathologic emphysema. Although it is a desirable goal to establish a single optimal method for characterizing emphysema from CT scans, our interpretation of our findings supports the perspective that no current emphysema measure is perfect, but many are useful for capturing distinct aspects of emphysema.
The results of this study agree well with previous findings in COPD genetics. The genome-wide significant association at the 15q25 locus is well established, though the lead SNP from the visual emphysema analysis is independent from previously reported associations. This is in line with previous functional investigations of this locus that demonstrate multiple functional variants that regulate different genes in different tissues (25) . In addition to the nicotine receptor cluster of genes in this region, DeMeo and coworkers (26) have also implicated IREB2 as a likely COPD candidate gene in this region through an integrative genomics approach, and Cloonan and colleagues (27) used cellbased studies and murine COPD models to demonstrate that IREB2 likely influences Figure 4 . Emphysema visual score (left) and low attenuation area (LAA)-950 (right) local association plot at the TNS1 locus (n = 1,513): association signal at the 2q35 locus significant at the false discovery rate less than 0.05 threshold for LAA-950 alongside visual emphysema association signal.
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COPD pathogenesis by regulating mitochondrial iron. Roughly half of previously identified loci from prior emphysema and airway GWASs were recovered by at least one of the emphysema phenotypes (7/11) and airway phenotypes (3/6). Our study identified significant associations with emphysema for SNPs near 13 out of 196 candidate genes. None of these loci was associated with airway measures, but this may be due to the fact that the majority of candidate gene studies focused on emphysema or COPD affection status rather than airway measures. In the current study, the quantitative measures of emphysema and airway disease showed only moderate concordance with corresponding visual measures. Reasons for this may include difficulty in defining thresholds for quantitative measures and dependence of quantitative measures on technical parameters (24, 28, 29) . Interestingly, the visual scores recovered slightly more signals from prior GWAS and lost fewer of these signals after correlate correction than the semiautomated measures. The RIN3 and MMP3/12 loci were good examples of this phenomenon. RIN3 was strongly associated with both visual emphysema and visual airway thickness, but none of the semiautomated correlates. MMP3/12 was strongly associated with visual airway thickness, but with neither Pi10 nor WAP. These associations remained essentially unchanged after correlate correction.
This finding emerged despite the fact that the prior GWAS signals were mainly discovered using semiautomated measures, and should therefore have biased our replication of previous findings toward the semiautomated correlates rather than the visual phenotypes. Compared with semiautomated CT airway and emphysema phenotypes, these data indicate that visual phenotypes provide independent information. It is not clear whether visual or semiautomated phenotypes are more powerful for genetic discovery, but such statements may be made more definitively with additional analyses of both methods when a larger sample size is available.
Strengths and Limitations
This study has the following strengths. First, CT reviewers were specifically trained to perform visual CT assessment according to consensus standards, with high levels of observer agreement for emphysema. Second, the subjects in our dataset had both visual assessments and semiautomated correlate information, allowing for direct comparison between the visual and the semiautomated correlates. Third, we were able to relate visual and automated radiographic measures to genome-wide assessments of genetic variation, allowing us to assess one aspect of the biologic relevance of these measures.
This study also has important limitations. Although our dataset is similar in size to previous datasets containing visual CT assessment of emphysema and is, to our knowledge, the largest to date in regard to visually assessed airway disease, it is nonetheless small compared with the largest GWAS studies in COPD and other diseases. Thus, our study has limited power to detect modest genetic effects.
Many of our significant associations have previously been identified in COPD GWASs, suggesting that these associations are likely to be true positives, but many other true associations are likely to have gone undetected, and will require future studies with more subjects. We addressed this relative lack of power by specifying in advance two SNP sets with a higher a priori likelihood of harboring genetic associations. Despite the small sample size, our study identified a genomewide significant GWAS signal at the 15q25 locus for visual emphysema (Figure 1) .
Although interobserver agreement for emphysema was high, agreement was more modest for airway measures. It should be noted that, due to the nature of the study, lung tissue was not available for pathologic correlation to emphysema using a histologic approach.
Conclusions
We examined both visual and semiautomated, quantitative COPD measures for association with genetic variants in a dataset of non-Hispanic white subjects. The visual assessments demonstrated independent information, especially in regard to the airway phenotypes, from the quantitative measures relative to genetic association. We anticipate that a larger sample size using visual phenotypes may allow for identification of novel variants at genome-wide significance. n
